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Sumo1 Conjugates Mitochondrial Substrates
and Participates in Mitochondrial Fission
(Sumo1C5), which is essential for covalent modifica-
tion by Sumo1 [12]. The interaction between DRP1 and
Sumo1 was abolished with the conjugation-deficient
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40 Ruskin Street, Room H445 mutant (Figure 1A). The specificity of the interaction was
further verified using a mutant form of DRP1(K38E), aOttawa, Ontario K1Y 4W7
Canada dominant interfering mutant demonstrating extremely
low rates of nucleotide binding and hydrolysis [13, 14].
The data reveal that the interactions between DRP1(K38E)
and Sumo1 or Ubc9 were severely compromised (FigureSummary
1A), suggesting that the interaction/conjugation events
are sensitive to the nucleotide state of DRP1.Mitochondrial fission requires the evolutionarily con-
We next examined the interaction using DRP1:GSTserved dynamin related protein (DRP1), which is re-
pull-down assays. Figure 1B demonstrates that Ubc9cruited from the cytosol to the mitochondrial outer
was recruited specifically to the DRP1:GST column. In-membrane to coordinate membrane scission [1]. Cur-
terestingly, although DRP1 was able to clearly recruit arently, the mechanism of recruitment and assembly of
Sumo1 immunoreactive band onto the column, the sizeDRP1 on the mitochondria is unclear. Here, we identify
of the Sumo1 immunoreactive product was 40 kDaUbc9 and Sumo1 as specific DRP1-interacting proteins
(Figure 1B), suggesting that DRP1 may not be a Sumo1and demonstrate that DRP1 is a Sumo1 substrate. In
substrate under these conditions. Since the cytosol wasaddition, a surprising number of Sumo1 conjugates
unable to support the potential Sumo1 conjugation ofwere observed in the mitochondrial fractions, sug-
recombinant DRP1, we performed His6 pull-down ex-gesting that sumoylation is a common mitochondrial
periments from cell extracts cotransfected with DRPmodification. Video microscopy demonstrates that
and Sumo1 to examine whether DRP1 was a true Sumo1YFP:Sumo1 is often found at the site of mitochondrial
substrate. Transfected cells were lysed in the presencefission and remains tightly associated to the tips of
or absence of N-ethyl-maleimide (NEM), and the totalfragmented mitochondria. Consistent with this, fluo-
starting extracts are shown in Figure 1C, lanes 1–6. NEMrescence microscopy revealed that a portion of total
inhibits Sumo1 ULPs (Ubiquitin-like proteases), therebycytosolic YFP:Sumo1 colocalizes with endogenous
stabilizing the generally labile Sumo-conjugated prod-mitochondrial DRP1. Finally, transient transfection of
ucts during the experiment [15–17]. His6:DRP1 was effi-Sumo1 dramatically increases the level of mitochon-
ciently isolated from transfected cell extracts, and adrial fragmentation. Analysis of endogenous DRP1 lev-
second, higher molecular weight band appeared, whichels indicates that overexpression of Sumo1 specifi-
was also Sumo1 positive and NEM sensitive (Figure 1C,cally protects DRP1 from degradation, resulting in a
lane 8, open circles in top and bottom panels). The sizemore stable, active pool of DRP1, which at least par-
of conjugated DRP1 suggests that a number of Sumo1tially accounts for the excess fragmentation. Together,
proteins (10 kDa each) have become covalentlythese data are the first to identify a function for Sumo1
attached in an “all-or-none” mechanism, since there ison the mitochondria and suggest a novel role for the
an apparent absence of intermediate-sized conjugates.participation of Sumo1 in mitochondrial fission.
A second high molecular weight DRP1-reactive product
is visible in lane 10, top; however, this product is not
Results and Discussion Sumo modified (Figure 1C, lane 10, bottom), and its
origins are unknown. Importantly, the reciprocal experi-
DRP1 Interacts with Sumo1 and Ubc9 ment also shows that His6:Sumo1, but not His6:LacZ, is
Mitochondrial fission is controlled by a member of the able to pull down DRP1:YFP (yellow fluorescent protein)
dynamin family of GTPases identified in yeast as Dnm1p (Figure 1C, lane 12 versus lane 16, top). In lane 12 (top),
[2, 3]. To identify novel interacting proteins of the mam- the 175 kDa modified form of DRP1 is visible, along
malian ortholog of Dnm1p, DRP1 [4–7], a yeast two-hybrid with the unconjugated DRP:YFP, suggesting either that
screen was performed using the full-length human pro- Sumo1 is also able to interact with monomeric DRP:YFP
tein as bait. Ubc9 (Ubiquitin-conjugating enzyme 9) and in the absence of conjugation or that the sumoylated,
Sumo1 (small ubiquitin-like modifier 1) were the major 175 kDa form of DRP1 is dimerized with the unmodified
interacting proteins identified (68% of the positive form. Finally, we noticed that the total DRP1 present
clones), which are key components of the Sumo1 path- in the total solubilized extracts (samples immediately
way of covalent posttranslational protein modifications suspended in SDS loading buffer) was equivalent in
[8, 9]. The strengths of the interactions are shown in the NEM conditions (Figure 4C, lanes 1–6). However,
Figure 1A, using the DRP1 dimer [10] and Rab5Q79L/ following the additional 1.5 hr incubation with the nickel
Rabaptin-5 as positive controls [11]. We also examined agarose beads, endogenous DRP1 appeared to be de-
the interaction between wild-type DRP1 and a mutant graded in an NEM-sensitive manner (Figure 1C, lane 7
form of Sumo1 lacking the C-terminal di-glycine motif versus lane 9, lane 11 versus lane 13, and lane 15 versus
lane 17, lower arrow, top).
We next examined the migration of endogenous DRP1*Correspondence: hmcbride@ottawaheart.ca
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Figure 1. DRP1 Interacts with Ubc9 and Sumo1, Is Conjugated, and an NEM-Sensitive High Molecular Weight Species of DRP1 Is Found on
Purified Mitochondria
(A) Quantitative -galactosidase activity assay representing the relative strength of protein-protein interactions. L40 yeast were cotransformed
with either human pLEXA:DRP1 (black bars) or pLEXA:DRP1 (K38E) (striped bars) and pGAD vectors as indicated. Rab5Q79L and Rabaptin-
5 were used as positive controls. Experiments were performed in triplicate.
(B) GST:DRP1 pull-down assays from bovine heart and rat liver cytosol detect endogenous Sumo1 (top) and Ubc9 (bottom) by Western blot.
(C) DRP1 is Sumo1 modified. Cos7 cells cotransfected as indicated were solubilized in the presence or absence of 20 mM NEM. Total lysates
(lanes 1–6) were cleared and incubated with nickel agarose beads (lanes 7–18). Half of the total eluates (Ni) along with 50 g of each
flowthrough (FT) were loaded on a 4%–20% gradient gel, transferred, and blotted with anti-DRP1, anti-FP, or anti-Sumo1, as indicated. The
lower arrow at the top right indicates endogenous DRP1 and the higher arrow represents DRP1:YFP. Open circles denote a 175 kDa sumoylated
species of DRP1.
(D) Nuclear (Nuc)/unbroken cells (lanes 1 and 4), cytosolic (Cyto, lanes 2 and 5), and mitochondrial (Mito, lanes 3 and 6) fractions were purified
from Cos7 cells in the absence (left) and presence (right) of 20 mM NEM. Fractions were probed by Western blot with antibodies against
DRP1, Sumo1, and Tom20. Open circle denotes the 150 kDa high molecular weight species of endogenous DRP1. Arrows highlight some
mitochondria-specific Sumo1 conjugates. Approximately 200 g of the nuclear and mitochondrial fractions and 100 g of cytosol were loaded.
For details, see the Supplemental Experimental Procedures.
and Sumo1 by Western blot using isolated subcellular circle). The ratio of unconjugated DRP1 to the higher
molecular weight product varied between experiments,fractions. Probing the fractions with DRP1 antibodies
again revealed the presence of two endogenous SDS- as illustrated by comparing Figure 1C, lane 8 (top) with
Figure 1D, lane 2 (top). So far we have been unable toresistant molecular weight species of DRP1: an85 kDa
species corresponding to the molecular weight of DRP1 determine the experimental differences that account for
this variability. However, detergent solubilization dra-and an additional 150 kDa species (Figure 1D, open
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Figure 2. Punctate Cytosolic Sumo1 Associ-
ates with Mitochondria and Is Often Found
at the Site of Mitochondrial Fission
(A) Transient transfection of Cos7 cells with
YFP:Sumo1C5 and pOCT:CFP (a–c),
YFP:Sumo1, and pOCT:CFP (d–f). (g)–(i) dem-
onstrate the sublocalization of cytosolic
YFP:Sumo1 to mitochondria. Scale bars 
1 m in (a)–(f), 200 nm (g)–(i).
(B) Cos7 cells transiently transfected with
pOCT:CFP (green) and YFP:Sumo1 (red) were
imaged by video microsopy. The left panels
show the individual channels of YFP:Sumo1
and pOCT:CFP. The time series is shown in
the panels (in seconds) and shows a single
dividing mitochondrion with YFP:Sumo1 at
the site of fission. Scale bar  200 nm.
matically reduces the amount of the conjugate relative data is the first to highlight the presence of mitochondrial
sumoylated products.to a fractionation experiment. It is also possible that the
overexpressed His6:DRP1 in Figure 1C is not as readily
conjugated as the endogenous protein observed in Fig- Sumo1 Is Visualized at Sites of Mitochondrial Fission
ure 1D. Most importantly, this experiment revealed that To better visualize the mitochondrial Sumo1 conjugates,
the mitochondrial, but not the cytosolic, 150 kDa DRP1 we examined the subcellular localization of YFP:Sumo1
immunoreactive band is NEM sensitive (Figure 1D, lane by fluorescence microscopy. Although YFP:Sumo1
3 versus lane 6 and lane 2 versus lane 5), consistent showed a strong nuclear localization (Figure 2Ad), high
with the idea that the ULP responsible for desumoylating exposure revealed significant punctate cytosolic stain-
DRP1 resides primarily on the mitochondria ing of YFP:Sumo1 (Figure 2Ad). Cotransfection of
In addition to the expected nuclear pattern of Sumo1 YFP:Sumo1 with a mitochondrial-targeted CFP reveals
conjugates (Figure 1D, lane 1 versus lane 4, middle), that a fraction of the cytosolic YFP:Sumo1 spots are
Western blots of the subcellular fractionations with associated with mitochondria (Figures 2Ag–2Ai). It is
Sumo1 antibodies revealed a surprisingly complex pat- important to note that the cytosolic Sumo1 spots were
tern of NEM-sensitive, Sumo1 conjugates both in the difficult to observe in all cells due to the bright nuclear
cytosol and mitochondrial fractions (Figure 1D, lane 2 and cytosolic staining that often interfered with the im-
aging. Importantly, the specificity of the punctate stain-versus lane 5 and lane 3 versus lane 6, arrows). This
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Figure 3. Mitochondrial-Associated DRP1 Co-
localizes with the Sumo1 Puncta
(A) Transient transfection of Cos7 cells with
YFP:Sumo1 (green) and pOCT:DsRed (shown
blue) and immunolabeling of endogenous
DRP1 (red) using Alexa 350 conjugated sec-
ondary antibodies. The white boxes in (A) and
(C) indicate the areas that were enlarged (B
and D). Arrows indicate the sites where
YFP:Sumo1 colocalizes with DRP1. Scale
bars  1 m.
ing of YFP:Sumo1 was confirmed by comparing this tubular, rod-like, and fragmented (Figure 4A). Quanti-
fication of the phenotypes (Figure 4B) revealed that overpattern with the conjugation-deficient, YFP:Sumo1C5
50% of the cells contain tubular mitochondria. Uponconstruct (Figure 2Aa), which remained diffuse in all
overexpression of YFP:Sumo1, the ratio of tubular:rod-cells. We next used time-lapse video fluorescent mic-
like:fragmented mitochondria reversed to 20%:26%:54%roscopy to monitor the dynamics of Sumo1 association
(p  0.001). Overexpression of YFP:Sumo1C5 did notwith the mitochondria. Figure 2B shows that Sumo1
significantly change the ratio of phenotypes. These datainitially localized to the center of a mitochondrial tubule.
indicate that overexpression of Sumo1 stimulates mito-After 15 s of imaging, the mitochondrion begins to
chondrial fragmentation.separate with the Sumo1 spot remaining tightly associ-
Finally, we examined the fate of endogenous DRP1ated with the site of mitochondrial fission. After the sepa-
in the cells expressing YFP:Sumo1. As previously seenration of the two daughter mitochondria, the Sumo1
in Figure 1C, endogenous DRP1 within solubilized ex-spot remained associated with the tip of one of the
tracts is degraded in the absence of NEM in both controlmitochondrial fragments (Figure 2B and Movie 1). The
cells and cells transfected with YFP:SumoC5 (Figuretransfer of the fission machinery to only one side of
4C, lane 1 versus lane 2 and lane 5 versus lane 6).the fragmented mitochondria has been previously ob-
Consistent with the idea that the stabilization of DRP1served in C. elegans and yeast [7, 18] and suggests
in the presence of NEM is due to the inhibition of athat at least a part of the fission machinery is Sumo1
potential ULP, overexpression of YFP:Sumo1 also pro-conjugated. To examine whether the YFP:Sumo1 spots
tects DRP1 against degradation, (Figure 4, compareobserved on the mitochondria colocalize with endoge-
lanes 3 and 4). Interestingly, coexpression with exoge-nous DRP1, we performed an immunofluorescence ex-
nous DRP1 competes for the protection of endogenousperiment, and as seen in Figures 3B and 3D, only a
DRP1, demonstrating saturability of the system (Figurefew of the Sumo1 spots observed on the mitochondria
1C, lanes 7–18, top, bottom versus top arrows). Thesecolocalize with DRP1. The mitochondrial-associated
data suggest that Sumo1 plays an important role in theSumo1 and DRP1 spots are often positioned at the tips
stabilization of an active pool of DRP1, which likely ac-of mitochondria (Figure 3B) or near the sites of apparent
counts for the increased levels of mitochondrial frag-constriction (Figure 3D). The majority of the YFP:Sumo1
mentation observed in Figure 4B.spots do not colocalize with DRP1, which is consistent
Taken together, our data identify a novel role forwith the biochemical fractionation data indicating the
Sumo1 in the process of DRP1-mediated mitochondrialexistence of multiple mitochondrial Sumo1 substrates.
fission. Future work will characterize this pathway fur-
ther and search for the identity of other sumoylated
mitochondrial substrates and isolate mitochondrialFunction of Sumo1 in Mitochondrial Fission Events
ULPs and Sumo1 E3 ligases.To better understand if Sumo1 functionally participates
in mitochondrial fission, we transiently transfected Cos7
Supplemental Data
cells and analyzed changes in mitochondrial phenotype. Supplemental Data including Experimental Procedures and a movie
Transfection of the control YFP vector alone reveals to accompany Figure 2B are available at http://www.current-biology.
com/cgi/content/full/14/4/340/DC1/.three predominant mitochondrial phenotypes: highly
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Figure 4. Overexpression of Sumo1 Causes Increased Mitochondrial Fragmentation and Protects DRP1 from Degradation
(A) Cos7 cells transfected with pOCT:CFP and YFP:Sumo1 result in three distinct mitochondrial phenotypes categorized as highly tubular,
rod-like, and fragmented. POCT:CFP signal is shown in white, which highlights the mitochondrial structures used to guide the quantification
in (B). Scale bars 1.75 m.
(B) Quantification of mitochondrial phenotypes observed after transient cotransfection of Cos7 cells with pOCT:CFP and either YFP, YFP:Sumo1,
or YFP:Sumo1C5. A total of 552, 576, and 357 transfected cells were analyzed in triplicate for YFP-, YFP:Sumo1-, and YFP:Sumo1C5-
overexpressing cells, respectively.
(C) Sumo1 protects DRP1 against degradation. Cos7 cells were transfected with each of YFP:DRP as control (lanes 1 and 2), YFP:Sumo1
(lanes 3 and 4), and YFP:Sumo1C5 (lanes 5 and 6). Following 16 hr, cells were isolated, resuspended in lysis buffer  20 mM NEM, and
incubated on ice for 1.5 hr. Lysates were cleared and 50 g total extracts loaded on a 6% acrylamide gel, transferred to nitrocellulose, and
analyzed by ponceau red (bottom) prior to a Western blot with anti DRP1 antibodies (top).
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